To examine the effects of N nutrition upon endosperm devel· opment, maize (Zea mays) kernels were grown in vitro with either 0, 3.6, 7.1, 14.3, or 35.7 millimolar N. Kernels were harvested at 20 days after pollination for determination of enzyme activities and again at maturity for quantification of storage products and electrophoretic separation of zeins. Endosperm dry weight, starch, zein-N, and nonzein-N all increased in mature kernels as N supply increased from zero to 14.3 millimolar. The activities of sucrose synthase, aldolase, phosphoglucomutase, glutamate:. pyruvate transaminase, glutamate-oxaloacetate transaminase, and acetolactate synthase increased from 1-to 2.S-/old with increasing N supply. Adenosine diphosphate-glucose pyrophosphorylase and both ATP-and PPi-dependent phosphotruetokinases increased to lesser extents. while no significant response was detected for hexose kinases and glutamine synthetase. Nitrogen-induced changes in enzyme activities were often highly correlated with changes in final starch andlor zein-N contents.
Kernels of maize, as well as other cereals, depend upon N assimilates for normal development. Exemplifying this relationship, it has been demonstrated numerous times that kernel weights increase when crops of maize are supplemented with increasing levels ofN fertilizer (3, 7) . Recently, with the aid of in vitro techniques, it was demonstrated that starch and N accumulation in the endosperm of maize kernels increased. as the concentration of N available to the kernel increased (23) . Similar studies have shown corresponding responses for wheat (4) and barley (14) .
Although it is clear that the accumulation of seed products is strongly influenced by N availability, little is known about 
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how metabolic reactions involved in the biosynthesis of these materials react to changing levels of N assimilates. Most studies examining the influence of N on enzyme activities have utilized vegetative tissue, and they have centered on N, as opposed to C. metabolism. To the best of our knowledge, only a single study has been reported where enzyme activities of maize seed were measured in relation to different conditions of N nutrition (10) . The study was restricted to three rates of N fertilizer and three enzymes of N metabolism. Because numerous enzymes function in the metabolism of C and N assimilates. insight into the regulation of kernel growth may be gained by understanding how additional enzymes respond to N supply.
From a similar standpoint. it is well known that the accumulation of zeins. the primary storage proteins of maize kernels. responds dynamically to N nutrition (23, 26) . Because the amino acid composition of the zein fraction does not change significantly as a function of N accumulation in the kernel, it would seem that different zeins are always produced in equally proportional amounts (16) . However, due to the likeness of composition among the zeins, it may be difficult to discern whether all zeins respond to N availability in the same manner. Therefore, the objective of this study was to character.ize how enzymes of C and N metabolism and zeins were affected by N nutrition. By analyzing kernels grown in vitro with different concentrations ofN, we were able to detect nutritionally induced differences in the accumulation of specific zeins and the catalytic activities of a number of enzymes.
MATERIALS AND METHODS

Plant and Kernel Culture
Procedures used for growing plants and culturing seed have been previously described (23, 24) . Kernels of the maize (Zea mays L.) inbred W64A were placed into in vitro culture 4 DAp3 on liquid medium containing 468 mM sucrose and O. 3.6.7.1. 14.3. or 35.7 mM N (supplied as amino acids). Each flask contained four explants (kernel:cob ratio. 1:6) and 100 mL of medium. Cultured kernels developed in the dark at 26°C. Fresh medium was supplied at 22 DAP for kernels grown to maturity.
Collection and Composition Analyses of Endosperm
Immature and mature kernels were removed from culture at 20 and 46 DAP, respectively. After dissecting the seed and discarding the pericarp and embryo. endosperm samples were frozen in liquid N, lyophilized. and stored at -80°C. Using powdered tissue, starch was determined by the procedure of Setter and F1annigan (22) and total N concentration was measured by a semi-micro Kjeldahl analysis (2) . Zeins were extracted by shaking 100 mg of endosperm meal for I h at 60°C in 2 mL of 70% (w/v) ethanol containing 0.5% (w/v) Na-acetate and 0.2% (w/v) DTT. After the extraction was performed twice, combined supernatants were taken to dryness, and the N concentration of the residue was determined by the above method.
Enzyme Extraction and Assay
The activities of enzymes of C and N metabolism were measured in 20-d-old endosperm. Enzyme activity and the rate of storage product deposition are commonly maximal in endosperm of this age. While N may influence endosperm enzymes differently at other stages of development, it would not be unreasonable to assume that the effect of N on storage product metabolism would be of greatest consequence at this stage of growth.
Enzymes were extracted by homogenizing 200 mg oflyophilized tissue in 4 mL of extraction buffer (50 mM HepesNaOH [pH 7.2], 5 mM MgCh, 15% [v/v] ethylene glycol, I mM EDTA, I mM DTT). Crude homogenates were centrifuged (24,000 g. 15 min) and the supernatants collected for use in enzyme assays. The activities of total amylase, fructekinase. glucokinase, and SS were measured in dialyzed extracts, with dialysis conducted overnight in extraction buffer. Extracts used for ALS and GS assays were desalted on Sephadex G-25 columns as described previously (17, 18) . All other enzymes were assayed using the unmodified, crude extract.
The enzymes SS (UDP-Gle: o-fructose-glucosyltransferase. EC 2.4.1.13), glucokinase (ATP: D-glucose 6-phosphotransferase, EC 2.7.1.2), fructokinase (ATP: o-fructose 6-phosphetransterase), Ppj-PFK (pyrophosphate: o-fructose 6-phosphate I-phosphotransferase, EC 2.7.1.90), ATP-PFK (ATP: o-fructose 6-phosphate I-phosphotransferase, EC 2.7.1.11), aldolase (o-fructose-I,6-bisphosphate D-glyceraldehyde-3· phosphate lyase, EC 4.1.2.13), PGM (o-glucose-I,6-bisphosphate: O-glucose I-phosphate phosphotransferase, EC 2.7.5.1), and PGI (o-glucose 6-phosphate ketoisomerase, EC 5.3.1.9) were assayed by the procedures of Doehlert et ai. (6) .
ADPG-PPase (ATP: O-glucose-phosphate adenyltransferase, EC 2.7.7.28) was measured by coupling the production of Gle-I-P with the reduction of NAD in a continuous spectrophotometric assay. Reaction mixtures contained 50 mM Hepes-NaOH (pH 7.2), 5 mM MgO z , I mM ADP-Gle, 2 mM PPi, 10 mM 3-phosphoglycerate, I mM NAD, 5 ,uM Glc-I,6-bisP, I IV/mL PGM, and 2.5 IV/mL Gle-6-P dehydrogenase. Blanks lacked PPi and assays were initiated with the same substrate. Activities were derived froin the increase in A340• Total amylase activity was measured from the increase in reducing power generated in the presence of soluble starch. Assays contained 50 mM citrate-NaOH (pH 5.5), I mM CaCh, and 2.5% (w/v) soluble starch. Reducing power was determined by means of dinitrosalicylic acid reagent as described by Bernfeld (5) . Blanks were complete assays terminated at zero time. Assays were run for 10 min and compared at 520 nm with a maltose standard curve.
GPT (L-aJanine: 2-oxoglutarate aminotransferase, EC 2.6.1.2) and GOT (L-aspartate: 2-oxoglutarate aminotransferase, EC 2.6.1.1) were assayed by a continuous spectrophotometric method at 340 nm. GPT assays contained 50 mM Hepes-NaOH (pH 7.2), 5 mM MgCh, 60 mM alanine, 100 mM oxoglutarate, 0.2 mM NADH, and 4 IV/mL lactate dehydrogenase. GOT assays contained 50 mM Bicine-NaOH (pH 8.5), 5 mM MgCh. 30 mM L-aspartate, 10 mM oxoglutarate, 0.5 mM NADH, and 2.5 IV/mL malate dehydrogenase. For both enzymes, reactions were initiated by the addition of oxoglutarate, and corrections were made for substrate-independent NADH oxidation. GS (EC 6.3.1.2) and ALS (EC 4.1.3.18) assays have been described previously (17, 18) .
Enzymes are grouped within figures on the basis of their likeness in absolute catalytic activity and/or their relationship with one another in metabolism.
Electrophoresis of Zeins
Powdered tissue from mature endosperm was extracted with 55% (v/v) isopropanol containing 2% (v/v) mercaptoethanol. A ratio of 5 mL/g dry weight was used for all samples. except where zein from kernels grown with 0 or 3.6 mM N was loaded onto IEF gels. in which case the ratio was 4 mL/ g dry weight. The volume of extract applied to gels was varied among samples to load sufficient protein from samples having a low concentration of tissue protein. Sample loads, which are specified in figure legends, are expressed as equivalent weights of endosperm tissue. Alcoholic extracts were prepared for SDS-PAGE by adding 5 to 200 ,uL of SDS sample buffer (28) . IEF in agarose. SDS-PAGE, and serial analysis (IEF followed by transferring a single band from the agarose gel for separation by SDS-PAGE) were performed as described (28) . Quantification of the proportion of C-zein within the total zein fraction was accomplished by scanning the IEF gel with a LKB UltroScanXL laser densitometer and comparing computer-calculated peak areas.
Statistical Design and Analyses
The experiment was conducted in a randomized complete block design with four replications. Explants of individual replicates were derived from a single ear to reduce variability. Significant treatment etfects. as judged by analysis of variance. are described in the text. Treatment means were compared using LSD values. and experimental variability associated with means is displayed in figures as the standard error of the mean. Coefficients of linear correlation (Pearson's test) were calculated between enzyme activities and the final content of starch and zein-No Significance was defined as (P < 0.05) for all tests.
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Endospenn Growth and Composition
Endosperm dry weight and starch accumulation responded in a curvilinear manner to N supply, increasing twofold, compared with growth in the absence of N, and reaching a maximum with a N rate of 14.3 mM (Fig. I) . A higher N level (35.7 mM) slightly reduced (average 11 %) these constituents relative to their maximum content, but the reduction was only significant for starch accumulation.
Zein-N content increased linearly with N concentrations up to 14.3 mM, but the increase was proportionately less in kernels grown with 35.7 mM N (Fig. 2) . The content of nonzein-N also increased across N levels, although the maximum N-induced increase was 291 %, compared to 875% for the content of zein-No As depicted in the inset of Figure 2 , zein-N, as a percentage of the total N in the endosperm, increased while the nonzein-N percentage decreased with increasing N concentration of the medium.
Enzyme Activities
The activity of SS per endosperm at 20 DAP increased (231 %) as N concentration of the medium increased from 0 to 14.3 mM (Fig, 3) . The response of SS to N supply was similar to, but proportionally greater than, that of dry weight accumulation. Activities of PGI and PGM increased 86 and 117%, respectively, in response to N treatment (Fig, 3) .
Glucokinase .activity tended to increase and fructokinase activity remained relatively steady as N supply increased (Fig.  4) , but neither of these changes were statistically significant on the basis of activity per endosperm.
Aldolase, PPi-PFK, and ATP-PFK, which are all related by their roles in controlling the level of Fru-l ,6-bisP within the cell, demonstrated significantly increased activities as Neoncentrations increased from 0 to 14.3 mM (Fig. 5) . The extent of response differed among these enzymes, with the largest increase occurring for aldolase (205%), followed by PPi-PFK (81 %), and ATP-PFK (31 %). As with SS, PGI. and PGM, little change in enzyme activities occurred with a N rate greater than 14.3 mM. ADPG-PPase activity was also significantly enhanced by N supply, with the largest increase (54%) occurring with 14.3 mM N (Fig. 6 ). For total amylase activity, there was only a weak and nonsignificant response to N nutrition (Fig. 6). • The response ofN metabolism enzymes to varying N supply is shown in Figure 7 . All of these enzymes showed significant increases in activitv with increasing N concentration. The largest increases in OPT, ALS, GOT, and GS activities were 350, 174, 138, and 43%, respectively. Only small changes in activities were produced by a N level greater than 14.3 mM. Coefficients of correlation were calculated between enzyme activities and the final contents ofendosperm starch and zein-N to study the association between N-induced, fractional changes in the deposition ofstorage products and corresponding changes in enzyme activities (Table n. Starch and zein-N contents were not significantly correlated. Enzyme activity was expressed as 'units per gram dry weight' so that partwhole correlations with endosperm dry weight would be avoided. Sucrose synthase was the only enzyme significantly correlated with final starch content (r = 0.91), although numerically large correlations (r ;;l: 0.75) also existed for ADPG-PPase. aldolase. PPi-PFK. PGM. PGI, GOT, GPT, and ALS. These same enzymes were also significantly correlated with final zein content.
Separation of Zeins
Similar IEF profiles were obtained with zeins extracted from the endosperm of in vitro cultured and field-grown kernels of inbred W64A (Fig. 8) . In addition. no apparent qualitative differences were produced by varying the concentration of N supplied to kernels grown in vitro. but N availability did cause distinct differences in the relative abundance of zeins. As the amount of zein-N in the endosperm increased with increasing N concentrations in the medium (Fig. 2) , so did the staining intensity of all but one zein band on the rEF gel. That protein. between band positions 44 and 60. was the major alcohol-soluble protein in endosperm of kernels which developed in the absence of N. The same band was only the fourth most intensely stained protein at 14.3 mM N and was similar at 35.7 mM N to field-grown endosperm. When the protein was removed from the IEF gel and examined by serial analysis using SDS-PAGE (28), it was identified as a C-zein (Fig. 9) . C-zein is sometimes identified as 15-kD zein by its apparent molecular mass using SDS-PAGE. or as i1-zein (12) . The molecular mass determined from eDNA is 17.3 kD (20) . Previously, C-zein was reported to occur at a different position on similar IEF gels. probably because of differences among lots or types of Ampholine (8. 28) .
It was estimated. based upon densitometer scanning of the rEF gel, that C-zein comprised 32. 28.23. 14, and 7% of the total zeins. respectively, in the 0.3.6.7.1. 14.3. and 35.7 mM N treatments. Calculations. using these data and the concentration of total zein in the endosperm. indicate that C-zein increased in content with .increasing N supply. The increase. being 67% between zero and 7.1 mM N. was small compared to the influence of N on the remaining zeins.
Finally, when zeins were separated by SDS-PAGE, there were no qualitative differences in patterns, noted across N treatments and apparent quantitative differences reflected the same responses observed in rEF (Fig. 9) . 
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Because the supply of sucrose to cultured kernels was constant across N treatments. N-induced increases in endosperm dry weight and starch content must be attributed to increased sugar utilization. All or some of the enzymes which responded favorably to N supply could. have a role in modi· fying the efficiency of sugar utilization. although those of C metabolism are the most likely candidates. The data reported herein do not establish a cause-and-effect relationship between N-induced changes in enzyme activity and starch accumulation. but they do point out correlations which existed. On this basis, 5S. ADPG-PPase. aldolase, PPi-PFK, PGM, and PGI activities, which are enzymes of sugar metabolism, were associated with the increased content of starch in mature endosperm (Table 1 ). The catalytic activities of these enzymes may be important in determining the capacity ofa developing kernel to accumulate starch and dry weight. For example. S5 and aldolase, which increased in activity more than twofold across the range of N rates tested., may restrict endosperm growth under conditions ofN stress by limiting the conversion of sucrose into precursors for starch synthesis or respiration. Other enzymes of sugar metabolism which were little affected by N nutrition or which were not strongly correlated with starch content may be imponant in regulating overall kernel metabolism, but they appear to be less imponant in the response of the kernel to N supply.
Increased endosperm protein content which resulted from enhanced N provision was associated with increased activity of enzymes of amino acid and sugar metabolism (Table 1) . GPT responded more dynamically (increased 350%) to N supply than any other enzyme examined, and large responses were also observed for ALS and GOT. Physiologically based explanations for the way these enzymes reacted to N nutrition are apparent in some, but not all. cases. The large increase in ALS activity (174% maximal change; Fig. 7 ) was anticipated Nitrogen supply influences the growth of maize kernels in large part by regulating the synthesis of starch and protein in the endosperm (Figs. 1, 2) . One means by which this effect occurs is through the alteration of enzyme activity. In this study, many enzymes of sugar and N metabolism increased' in activity as starch and protein deposition were promoted by increasing N supply. Included. among the N-responsive enzymes of C metabolism were 55, aldolase, PGM, PGI, ATP· PFK, PPi-PFK, and ADPG-PPase and for N metabolism were ALS, GPT, and GOT (Figs. 3, 5, 6, 7 ). There was no signifi. cant effect of N nutrition on the activities of hexokinases, total amylase, or GS. on the basis that this enzyme is the first in the pathway leading to branched-chain amino acids. Because these amino acids are abundant in endosperm storage proteins (25) , but are transported to the kernel in only small quantities (I), they must be synthesized in the developing endosperm via the action of ALS. Similarly, N-induced enhancement of transaminase activities 050 and 138% for GPT and GOT. respectively: Fig. 7 ) may function to support the de novo synthesis of amino acids found in storage proteins or to facilitate the transfer of C from amino acids into carbohydrates (15) . Glutamine synthetase, on the other hand, might be expected to react dynamically to N supply because of its central role in N metabolism, yet in agreement with previously reported tindings for intact plants (10) , the response in this study (maximum 43%) was comparatively weak. Similar to the response of enzymes. not all zeins increased in equal amounts across N rates. C-zein. which constituted a large proportion of the total zein fraction in N stressed endosperm. was comparatively less affected by N supply than other zeins. As a result. C-zein became 'diluted' in concentration as the remaining zeins accumulated in large amounts with favorable levels of N. It has been reported that ii-zein (i.e. C-zein) is a major component of the periphery of developing protein bodies and its deposition precedes that of exzeins (i.e. A-and B-zeins), which are deposited toward the interior of the structure (12) . If C-zein forms a structural component of protein bodies in maize endosperm, then it is easy to imagine that its synthesis may occur at a 'constitutive' level which does not change to a large degree under varying conditions of N nutrition. Also. it is important to note that the discriminating effect of N on seed storage proteins is not unprecedented. as a differential influence of N on hordeins of barley endosperm has also been reported (9) .
In vitro. maize kernel growth increases with N concentration up to approximately IS mM (Fig. I : FE Below. unpublished data). In the current study, 14.3 mM N elicited a maximum response in the activity of many of the enzymes surveyed and many activities were comparable to that found in similarly aged kernels grown in vivo (6, 13. 18. 19. 21) . Despite this likeness. kernels which develop on the plant undoubtedly receive a N supply in excess of an 'effective' IS mM. The concentration of amino acids in endosperm tissue has been shown to range between approximately 30 and 150 mM in plant-grown kernels (II, 13), but roughly one-tenth those levels in kernels cultured with 14.3 mM N (24) . The high concentration of total N in endosperm which develop in vivo (1.6-2.2%) versus in vitro (1.3% for kernels grown with 14.3 mM N) further implies a greater effective N supply in situ. Hence, maize plants normally provide developing kernels with far more N than is required to obtain the high enzyme activities which are presumably needed for maximum seed growth.
In conclusion. provision of N to developing maize kernels increased the capacity ofthe endosperm to synthesize proteins and utilize sugars for the biosynthesis of starch. Nitrogeninduced changes in endosperm growth were likely the result of enhanced (0-to 2.5-fold) enzyme activities. Enzymes of sugar metabolism which responded to N supply were S8, ADPG-PPase. aldolase, ATP-PFK. PPi-PFK. PGM, and PGl. Corresponding increases were found with the activities of GPT, GOT, and ALS. Nearly all zein peptides increased proportionally with N supply, with the exception of C-zein, which was relatively insensitive to N availability. These results demonstrate the influence of N nutrition on endosperm metabolism and the role that N assimilates may play in controlling the expression of proteins and the deposition of storage products. In yiew of these findings. at least part of the yield increase in maize produced by N fertilization can be attributed to the modification of kernel metabolism in response to N supply.
